A genetic analysis of adult plant resistance to leaf rust (Puccinia triticina) was performed in in vitro obtained double haploid progenies from a cross between the Brazilian wheat cultivar Trigo BR 35, which, under the high inoculum pressure of the southern region, has been resistant to leaf rust for more than 12 years, and the susceptible cultivar IAC 13-Lorena. Haplodiploidization via in vitro gimnogenesis was done by somatic elimination of the pollen donor genome after maize pollination of the F 1 plants. The advantages and usefulness of double haploids (DH) for genetic analysis of complex inherited traits like durable adult-plant resistance to wheat leaf rust were evident: it was possible to analyze inheritance patterns in this cross by using only the 35 DH homozygous segregant lines obtained by in vitro embryo culture of F 1 flowers pollinated by maize, this number being equivalent to 1,225 conventional F 2 lines because of lack of heterozygosity. After being infected with MCG and LPG races, the results indicated that Trigo BR 35 has two resistance genes. One of the genes expressed resistance only after the intermediate stage of plant development (5-6 leaves).
Introduction
Wheat leaf rust, regularly occurring and widely distributed worldwide, is caused by Puccinia triticina Erikss.
[syn. P. recondita Roberge ex Desmaz. f. sp. tritici (Anikster et al., 1997) ], currently being the most important disease of wheat (Triticum aestivum L. em Thell). Leaf rust is common in southern Brazil and under favorable environmental conditions it causes heavy losses on susceptible wheat cultivars.Its control is more economically and effectively achieved through the use of resistant cultivars (Bjarko and Line, 1988; Roelfs, 1988) . Although major resistance genes have often failed after a few years of use, in many countries, the adult plant resistance of a number of South American cultivars has been durable as is the case of the cultivar Frontana (Roelfs, 1988) . Sing et al. (2001) report that the efforts to breed cereals for resistance to rust diseases have identified resistance expressed at seedling growth stage, effective throughout the life of the plant, and resistance that is effective on adult plants only, called adult plant resistance (APR). Genetic studies of cereals have shown that APRs are often important components of durable rust resistance. Understanding the inheritance of resistance to disease is valuable for planning crosses in breeding programs, identifying resistance genes and developing genetic markers to assist selection (Ardiel et al., 2002) .
The levels of resistance of Brazilian wheat germplasm to several diseases were found to be the best ones worldwide, probably because of the higher inoculum pressure of the southern region, and have been considered extremely valuable in several countries (Roelfs, 1988) . Specifically for adult plant leaf rust resistance, two complementary recessive genes have been identified in the Brazilian cultivar Toropi (Barcellos et al., 2000) . It is important, however, to conduct genetic investigations of the sources of adult-plant resistance identified for breeding wheat in Southern Brazil, due to the endemic occurrence of this disease.
Brazilian wheat cultivar Trigo BR 35, under the high inoculum pressure of the southern region, has maintained resistance for more than 12 years, and is a promising source for adult plant resistance to leaf rust. There is no information, however, about the genetics of this resistance.
This study was carried out in order to investigate inheritance patterns and the number of genes involved in the expression of durable adult-plant resistance of Trigo BR 35, using double haploid progenies obtained via gimnogenesis by somatic elimination of the male genome, through maize pollinization followed by in vitro culture of immature embry embryos.
Materials and Methods
Pure lines of the Brazilian cultivars: Trigo BR 35, resistant, used as female parents and IAC 13-Lorena, susceptible, used as male parents, were crossed in a greenhouse at Embrapa Trigo, located in Passo Fundo, State of Rio Grande do Sul, Brazil. Double haploid progeny populations were obtained from the F 1 generation. Haplodiploidization via gimnogenesis was done through somatic elimination of the male genome, after maize pollinization followed by in vitro culture of immature embryos, as described by Laurie and Bennett (1986) and modified by Suenaga and Nakajima (1989) and Inagaki and Tahir (1990) . The few completely homozygous DH recombinant first generation seeds were multiplied in order to be inoculated before genetic analysis of resistance to leaf rust.
The parental genotypes and the DH progeny lines were inoculated with single uredinial cultures of the P. triticina pathotypes MCG and LPG. Three-letter codes, according to the North American System of Nomenclature (Long and Kolmer, 1989) The plants were inoculated at three stages of development. The experiment had two replicates of 6-8 plants each for every genotype that was maintained in a greenhouse at 22-26°C. Urediospores were suspended in lightweight mineral oil (Soltrol) and inoculated by spraying on the leaves. Plants inoculated at first fully expanded leaf stage, 7 days after planting, were placed overnight for incubation in a growth chamber at 18°C, in the dark and at 100% relative humidity, and then transferred to a greenhouse with the temperature maintained at approximately 25°C and day length (photoperiod) of 14 h. Scoring of disease intensity was carried out 12-14 days after inoculation. Infection types were assessed using the 0-4 scale (Roelfs and McKey, 1979; Stakman et al., 1962 , described in Roelfs, 1984 and identified by the presence of chlorosis and the intensity of sporulation. Infection types 0, 1 and 2 were considered indicative of host resistance, whereas infection types 3 and 4 indicated host susceptibility (high infection type). Additional infection types (+ and -) within each category were recorded as variants of the standard infection type.
When the plants reached an intermediate stage, defined by the presence of 5-6 leaves, and also at adult-plant stage, the urediospores of the same pathotypes were inoculated at the concentration of 1.5 mg/1 mL mineral oil (Barcellos, 1994) . The conditions for incubation and rust development were as described for seedling infections. Severity was estimated based on the modified Cobb scale (Peterson et al., 1948) which analyses the percentage of leaf area infected. At the adult stage, the flag leaves of the main tiller were infected with the LPG race.
The segregation rates were subjected to χ 2 analysis to identify the number of genes involved in the resistance.
Results and Discussion
The leaf rust reactions on plants of both parents, F 1 and segregant DH lines are presented in Table 1, Table 2 and Table 3 , while Figure 1 shows several reaction patterns observed.
Analysis at first leaf stage
In relation to MCG and LPG races (Table 1) , IAC 13-Lorena showed the expected susceptible reaction. Trigo BR 35 showed moderate susceptible reaction (3 3 -) to MCG race and a moderate level of resistance to race LPG (2 3 -). The infection types are in accordance with the reaction conditioned by the Lr26 gene that was previously indicated to be in this cultivar (Rosa Filho, 1997; Zoldan, 1998) .
The χ 2 analysis of DH lines indicated that one gene (Table 3) is responsible for the observed difference between the parents fitting the ratio of 1 resistant: 1 susceptible plant to race MCG (p = 0.50-0.30) as well as to race LPG (p = 0.50).
The observation of higher level of resistance in F 1 plants, also expressed in some double haploid lines, in comparison with the parents, may suggest either that some kind of interaction, possibly related to different backgrounds, may be involved, or minor resistance genes may occur in the susceptible cultivar IAC 13-Lorena. (Table 2 ).
Analysis at intermediate stage

Analysis at flag leaf stage
The segregation ratio indicated that two dominant genes, or one dominant plus a recessive gene, or yet two duplicated genes (3 resistant: 1 susceptible; p = 0.30-0.20) in Brammer et al. 433 434 Genetic analysis of resistance to wheat leaf rust The hypothesis of two genes agrees with that obtained at an intermediate growth stage (5-6 leaves). However, recessivity was observed for MCG race and dominance for LPG race at intermediate stage. This change of dominance has been reported previously. Genetic backgrounds of the host and the pathogen as well as environmental conditions may explain this change, temperature being the most frequently reported factor involved (Loegering, 1984; McIntosh and Dyck, 1975; Pretorius et al., 1988; Barcellos, 1994) .
Leaf tip necrosis is a morphological marker for the Lr34 gene, which was observed by Sousa and Barcellos (1999) (Demarly, 1977) , indicated that Trigo BR 35 expressed two genes for resistance, possibly Lr34 for adult plant resistance and Lr26, a seedling resistance gene to some races that is expressed in all plant cycle. The possibility of another gene not yet described cannot be completely excluded.
Since there is no heterozygosity, the square root of the conventional F 2 population size is enough for obtaining the same probability of occurrence of any given genotype (Demarly, 1977) . The`immortal' nature of the DH lines facilitated easy detection of the genes under the different pathotype x temperature combinations and also rapid and efficient identification of the genes for resistance. In contrast, material which is still segregating does not allow a definite judgement (Steffenson et al.,1995) .
Although designated as a gene for adult-plant resistance, Lr34 has been detected at the seedling growth stage, conferring infection type 3 to 3 -; to 3 or 2 to 3 (several authors cited in McIntosh et al., 1995) . The mechanism for durable resistance to leaf rust is poorly understood, but durability appears to be enhanced when genes are combined (Raupp et al., 2000) . For example, German and Kolmer (1992) described the enhancing effects of Lr34 on the seedling and adult-plant response of some leaf rust resistance genes, including Lr26.
According to Dyck et al. (1966) and Roelfs (1988) most resistance genes for which the inheritance has been studied are effective in the seedling stage. These genes are much easier to evaluate, require less expense and labor to be studied and therefore are much more frequently selected for genetic research than genes for adult plant resistance. Nevertheless, adult plant resistance has frequently been associated with durable resistance.
The indication that the durable resistance of Trigo BR 35 is due to a few genes is of practical importance for wheat breeding, since this kind of resistance has frequently been considered of complex inheritance. Since haplodiploidization provides an opportunity to produce, in only one generation, completely homozygous gene combinations from Brammer et al. 435 segregating material and the lines, because heterozygosity is removed as a source of variation, can be propagated without further segregation, repeat testing can be carried out to confirm disease reaction (Lu et al., 1997; Knox et al., 1998) . The same population used here, including the parental genotypes and DH progenies, may be used in the future for genetic analysis using other races than MCG and LPG, with different virulence genes, helping to clarify the role of other genes related to the durable adult-plant resistance of Trigo BR 35.
